Enteropathogenic Escherichia coli (EPEC) are primarily extracellular pathogens that generate actin-rich structures known as pedestals during their pathogenesis. Surprising evidence has demonstrated that despite maintaining an extracellular location, EPEC require the endocytic protein, clathrin, for pedestal formation. To evaluate the strategies EPEC use to usurp endocytic machinery, we investigated the roles of a number of clathrin-coated pits components, adaptor protein 2 (AP-2), Eps15 and epsin1, during EPEC infections. We demonstrated that in conjunction with clathrin, pedestal formation also required the recruitment of Eps15 and epsin1 but not AP-2. Because AP-2 orchestrates the recruitment of clathrin, Eps15, and epsin1, as well as other adaptors, during assembly of clathrin-coated pits at the plasma membrane, our findings reveal a novel internalization subversion strategy employed by EPEC. These results further emphasize the recent paradigm that endocytic proteins are important for EPEC-mediated disease.
During enteropathogenic Escherichia coli (EPEC) infections, these pathogens generate attaching and effacing lesions, characterized by the collapse of localized microvilli on enterocytes and the formation of actin-rich structures called pedestals. Induction of EPEC pathogenesis is accomplished by the delivery of pathogenic effector proteins through a syringelike type III secretion system (T3SS). One of these effectors, the translocated intimin receptor (Tir), is crucial for pedestal formation. Once secreted into the host cells, Tir becomes inserted into the host cell plasma membrane, where it functions as a receptor for the bacterial outer membrane ligand, intimin. This Tir-intimin interaction firmly anchors the pathogen to the epithelial cell surface and recruits host cell kinases to induce Tir phosphorylation on a variety of tyrosine residues including tyrosine 474 (Y474), a site needed for efficient pedestal formation [1] [2] [3] . This phosphorylation event recruits host adaptor molecules to Tir, ultimately triggering actin rearrangement beneath the attached bacteria. Recently, we demonstrated that clathrin, a protein responsible for endocytosis, is recruited to EPEC pedestals, and this recruitment required the phosphorylation of Y474 of Tir [4] .
Clathrin-mediated endocytosis (CME) is a wellcharacterized process in which molecules or small particles, usually ,200 nm, are internalized at the plasma membrane [5] . More than 30 types of clathrinassociated components have been identified that regulate the progression from clathrin lattice assembly to vesicle fission from the plasma membrane [6] . These accessory proteins harbor a variety of protein motifs, which enables their interaction with clathrin, phosphatidylinositol bisphosphate (PtdIns(4,5)P 2 ), or other accessory proteins [7] .
Adaptor protein 1 (AP-2) was the first clathrin adaptor protein identified to drive the recruitment, assembly and organization of clathrin at the plasma membrane; it serves as a central hub that engages in multiple protein interactions to promote clathrin-coated pit (CCP) assembly [8] . Controversies surrounded the importance of AP-2 during clathrin-based endocytosis [9] [10] [11] [12] [13] [14] . Generally AP-2 is thought to be responsible for the formation of most, if not all, CCPs [15] ; however, studies have suggested that AP-2 independent CCPs could be responsible for the clathrin-dependent, AP-2-independent internalization of some cargo that could occur after small interfering RNA (siRNA) treatment of AP-2 [9] [10] [11] [12] [13] [14] . To clarify these controversial findings, recent work by Boucrot and colleagues revealed that although CME after AP-2 depletion by siRNA is significantly decreased, residual AP-2 was still present and localized specifically to the CCPs [16] , supporting the notion that AP-2 is crucial for CME. AP-2 is composed of 2 large subunits, the a-and b2-adaptins, a medium l2 subunit and a small a2 subunit [6] . The 2 latter subunits bind to the endocytic signals found in the cytoplasmic domain of cargo [17] . The b2 subunit of AP-2 orchestrates clathrin recruitment and assembly [18] , whereas the a subunit is responsible for targeting AP-2 to the plasma membrane through its interaction with PtdIns(4,5)P 2 [19] . These 2 large subunits are also involved in the recruitment of accessory proteins (which include Eps15 and epsin) through their C-terminal ear domains [20] .
Eps15, which localizes preferentially at the outer rim of CCPs [21] , does not contain a clathrin-binding domain; thus it relies AP-2 and epsin1 to integrate itself within the clathrin coat [13, 22] . Based on overexpression of dominant negative mutants, Eps15 has been suggested as an essential accessory protein for the efficient endocytosis of the epidermal growth factor receptor and transferrin receptor [23, 24] . Furthermore, posttranslational modifications of Eps15 (such as ubiquitination), and the ability of Eps15 to bind ubiquitinated cargo can also be important for cargo selections during CME [25, 26] . The site for ubiquitination occurs specifically at a domain called the ubiquitininteracting-motif (UIM), located at the C-terminus of Eps15. Eps15 also harbors another motif known as the Eps15 homology (EH) domain, which binds preferentially to Asn-Pro-Phe containing proteins, primarily epsin.
Epsin is the main partner of Eps15 N-terminal EH domains [27] , which functions in clathrin-coat assembly to generate membrane curvature thereby forming deeply invaginated CCPs [28, 29] . Several isoforms of epsin exist, including epsin1, epsin2, epsin3, and the more distantly related epsinR [30] . Epsin1 is the most abundant isoform, distributed in a range of cell types. Both Eps15 and epsin1 share several homologous domains, notably the AP-2 binding domain and UIMs for ubiquitin and ubiquitinated cargo recognition [26, 30] . However, epsin1, unlike Eps15, harbors regions that enable direct interactions with clathrin and PtdIns(4,5)P 2 [31] . Epsin1 colocalizes with Eps15 within CCPs [27, 29] and, together with Eps15, is required to facilitate CCP assembly and invagination during CME [27] .
To elucidate the mechanisms employed by EPEC during their manipulation of endocytic components, we examined the roles of AP-2, Eps15, and epsin1 during these infections. We found that in addition to clathrin, Eps15 and epsin1 also colocalized at EPEC pedestals. This occurred in the absence of AP-2. Furthermore, both Eps15 and epsin1 were needed to accumulate actin at sites of EPEC attachment, and the UIM alone of these proteins were sufficient for pedestal formation. This discovery is the first to clearly demonstrate the recruitment of both Eps15 and epsin1 in the absence of AP-2 during pathogenesis and further shows that these endocytic components are crucial factors in the disease process of extracellular pathogens.
METHODS
Bacterial Strains, Cell Lines, Media, and Growth Conditions EPEC wild-type (WT) strains E2348/69 and JPN15 were used in this study. JPN15 is an EPEC strain lacking the bundle-forming pili and is unable to aggregate into large colonies. Thus, it forms individual and prominent pedestals ideal for observing recruitment and localization of specific protein. Other mutants used included E2348/69 DescN and JPN15 Dtir, Dtir complemented with EPEC tir, and Dtir complemented with EPEC tirDY474F. All mutants and WT strains were cultured standing overnight in Luria Bertani broth at 37°C. HeLa cells were maintained in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum, and CaCo-2 cells were also supplemented with 1% nonessential amino acids.
Transfections of Green Fluorescent Protein Constructs
HeLa cells were grown on coverslips and treated with JetPEI transfecting reagent (Polyplus Transfection) according to the manufacture's protocols. Cells were infected with JPN15 EPEC WT for 6 hours, 48 hours after transfection, and processed for fluorescent microscopy studies. The cells were washed in phosphate-buffered saline and fixed using room temperature 3% paraformaldehyde for 15 minutes before permeabilization using 0.2% Triton X-100. Cells were washed with phosphate-buffered saline, mounted with Prolong Gold with 4',6-diamidino-2-phenylindole (DAPI) (Invitrogen), then visualized as described above. The green fluorescent protein (GFP)-Eps15 fusion constructs were generated as described elsewhere [22] , using pEGFP-C1 or C2 as the base vector (Clonetech Laboratories) for subcloning.
Statistical Analysis
Statistical analysis was performed as described elsewhere [32] , using Student's unpaired, 2-tailed t test (GraphPad Prism software; version 4.0b). The number of host cells counted is indicated by the n in the figure legends. The percentage of Eps15 or epsin colocalization with actin pedestals was calculated by dividing the total number of bacteria with Eps15 or epsin staining (numerator) by the total number with actin pedestals (denominator) on each cell (n) in a single frame, multiplied by 100% to generate a percentage. The average was taken from counts obtained from multiple cells in different frames.
RESULTS AND DISCUSSIONS
Studies from our group and others have shown that clathrin and dynamin are both involved in EPEC pedestal formation [4, 33] . To further characterize potential mechanisms these pathogens use to block their internalization, we sought to determine what other classic endocytic proteins EPEC hijack as part of their infections. To examine this, we infected both HeLa and Caco-2 cells with WT EPEC and the plasmid cured JPN15 strain of EPEC to immunolocalize Eps15 and epsin in infected cells. We chose to use the EPEC strain JPN15 primarily because of its inability to generate pili due to the inactivity of bfp (the bundleforming pilus gene) in these bacteria. Despite a lack of pili, it has been shown elsewhere that this did not alter the ability of EPEC JPN15 to generate pedestals or recruit clathrin to these sites [4] . In the current study, we found that Eps15 was restricted specifically to the tips of the EPEC actin-rich pedestals (Figure 1 ), a subcellular location also known to be the site of clathrin recruitment [4, 34] . This occurred in 80% of actin pedestals ( Figure 1 ). Because Eps15 lacks specific plasma membrane and A, Eps15 and epsin1 are relocalized to EPEC pedestals beneath the attached bacteria, as shown in 4',6-diamidino-2-phenylindole (DAPI). The AP-1 b1 and AP-2 b2 subunits, detected using the AP-2 (GD/1) antibody, are localized to areas away from the EPEC pedestals. Arrowheads indicate some areas of protein localization. Scale bar, 10 lm. B, Numbers of pedestals per infected cell with Eps15 (80.68% 6 4.65%; n 5 8) or epsin1 (95.22% 6 2.92%; n 5 9) were blindly scored in separate experimental replicates. C, Total protein levels of endogenous Eps15 (142 kDa), epsin1 (94 kDa), and AP-2 (100 kDa) remained unchanged in wild-type (WT) EPEC infected HeLa cells compared with uninfected (UI) HeLa cells; a-tubulin was used to demonstrate equal loading.
clathrin interacting domains, we hypothesized that $1 accessory protein must also be present at pedestals to link Eps15 to the plasma membrane and/or clathrin, as is the case during conventional clathrin-based endocytosis. Because Eps15 contains domains that enable interactions with both a-and b2-adaptin components of the AP-2 complex, we investigated whether AP-2 was also present at EPEC pedestals along with Eps15.
We used an AP-2 antibody, which recognizes only the a subunit [35] and another that recognizes both the AP-2 b2 and AP-1 b1 subunits [20] . Each antibody was used for immunolocalization onto WT EPEC infected and uninfected cells. Surprisingly, neither AP-2 a nor b2 adaptins were detected at EPEC pedestals in infected HeLa cells. Instead, they were distributed into spots at the plasma membrane where pedestals were absent ( Figure 1 ; see also Figure S1 ; available online) probably corresponding to CCPs. Because most AP-2 complexes are not bound to Eps15 [36] , recruitment of only AP-2 without Eps15 would have not been surprising. However, because the majority of Eps15 in the cell is associated with cytosolic AP-2 as well as the plasma membrane [21] , the recruitment of Eps15 to the pedestals in the absence of AP-2 was unexpected. Moreover, the overall protein expression level of the AP-2 b2 subunit in EPEC infected cells remained unaltered when compared with the uninfected cells ( Figure 1 ). Similar immunolocalization results were seen with the AP-2 a subunit in both HeLa and Caco-2 cells ( Figure S1 ; available online). Together, these results suggest that the AP-2 complex is excluded from, or not recruited to, EPEC pedestals, and consequently does not participate in pedestal formation. Because AP-2 was undetectable at EPEC pedestals, we examined whether epsin1, another major Eps15-interacting endocytic protein, was altered by EPEC during its pathogenesis. Unlike Eps15, epsin1 contains additional domains that normally enable its binding to PtdIns(4,5)P 2 at the plasma membrane, as well as clathrin. Using immunofluorescent localization, we found epsin1 concentrated at the apical tip of EPEC pedestals, displaying a similar localization pattern as Eps15 (Figure 1 ). This localization was seen on 95% of EPEC pedestals (Figure 1 ). Protein expression profiling revealed no observable differences in Eps15 or epsin1 protein levels when WT EPEC infected cells were compared with uninfected cells (Figure 1) . Together, these results indicate that Eps15 and epsin1 recruitment to pedestals involves protein redistribution within the cells, without disturbing overall protein expression levels.
Hijacking the endocytic machinery has emerged as a common theme among numerous pathogens as a mechanism of host cell entry. In addition to Listeria monocytogenes, which exploits epsin1 as well as Eps15 and dynamin for CME [37, 38] , the influenza virus and African swine fever virus have been described as using Eps15 for their entry into host cells [37, 39] . It is interesting to find that while a majority of the AP-2 binding partners, namely clathrin, Eps15 and epsin1, are present at pedestals, AP-2, the primary multimeric adaptor protein, is not. Because work reported elsewhere has demonstrated the importance of AP-2 for CCP and vesicle formation [16] , the fact that AP-2 was not observed at EPEC pedestals together with Eps15 and epsin1 might explain how EPEC can remain extracellular throughout the course of infection despite the presence of these other endocytic proteins. A and B, Cells treated with small interfering RNA (siRNA) targeted against Eps15 showed reduced levels of Eps15 protein expression (black arrowhead ) (A) and an inability to trigger actin polymerization (B ); DAPI, 4',6-diamidino-2-phenylindole; RNAi, RNA interference. C, A significant decrease in actin recruitment in attached EPEC was observed in each infected and RNAi Eps15 cell, compared with RNAi control-treated cells. *P , .001 for difference in number of pedestals between RNAi Eps15-treated cells (0%; n 5 7) and RNAi control-treated cells (62.45% 6 7.56%; n 5 8). D, Similarly, cells were treated with siRNA targeted against epsin1, which showed reduced levels of epsin1 protein expression (black arrowhead ). E, Actin accumulation is abolished beneath the attached bacteria. F, Level of actin recruitment to site of bacteria attachment per infected cell was significantly decreased in RNAi epsin1-treated cells. *P ,.0001 for difference in number of pedestals between RNAi epsin1-treated cells (0%; n 5 9) and RNAi control-treated cells (66.5% 6 4.80%; n 5 9). White arrowheads indicate locations of some attached bacteria; scale bar, 10 lm.
Our previous work showed that clathrin recruitment to pedestals required a functional T3SS [4] . To evaluate whether Eps15 and epsin1 recruitment to the sites of bacterial contact with the host plasma membrane also required a functional T3SS, we infected cells with DescN EPEC, a T3SS mutant incapable of secreting effector proteins into host cells. Although these mutant bacteria attach to the host cells, they do not generate pedestals. In the absence of a functional T3SS, recruitment of Eps15 and epsin1 to sites of EPEC attachment was abolished (Figure 2 ), demonstrating such rearrangement requires the translocation of effector proteins into host cells and not simply bacterial attachment. Because recruitment of clathrin to EPEC pedestals required the bacterial effector Tir and specifically the tyrosine 474 (Y474) phosphorylation site of Tir [2, 3] , we assessed whether Eps15 and epsin1 were also dependent on this specific effector and the functional Y474 phosphorylation site for their recruitment. Cells infected with either Dtir EPEC or Dtir1Y474F (a mutant with phenylalanine in place of tyrosine at site 474 of Tir) did not recruit Eps15 or epsin1 to the site of bacterial contact (Figure 2) . Conversely, localization of Eps15 and epsin1 was recovered in cells infected with complemented Dtir1tir EPEC (Figure 2 ), suggesting that recruitment of Eps15 and epsin1, like clathrin, requires Tir and the phosphorylation of tyrosine 474 in Tir.
To functionally determine whether Eps15 influenced actin accumulation beneath the attached bacteria and thus altered pedestal formation, we used RNA interference (RNAi) to knock down Eps15 in HeLa cells. Decreased expression of Eps15 protein (top band, 145 kDa) in siRNA-treated cells was confirmed by Western blot analysis (Figure 3) . The lower band at 120kDa corresponds to Eps15b, an Eps15 isoform that is also recognized by the anti-Eps15 antibody, but does not localize to CCPs in other systems [40] . In infected cells with undetectable levels of Eps15 protein, actin accumulation was abolished beneath the attached bacteria (Figure 3 ). This was not the case in infected cells pretreated with control (nontargeting) siRNAtreated cells, in which actin pedestals were generated. Because EPEC replicate extracellularly and thus not every bacterium had fully formed a pedestal, only 62% of the attached bacteria had recruited actin in cells treated with nontargeting siRNA (Figure 3) .
We scored the proportion of actin recruited in relation to the number of bacteria attached to the cells and did not score the amount of Eps15 recruited in relation to the number of pedestals formed, because during Eps15 RNAi treatments, actin was not recruited to sites of bacterial contact (thus there were no pedestals present). We found that ,1% of the attached bacteria still recruited Eps15 in the Eps15 RNAi treated cells; however, almost no actin pedestals were detected in these bacteria attached to Eps15 knockdown cells ( Figure 3) . Next, we continued to test these effects by examining the influence of epsin1 on actin accumulation during EPEC infections. Consistent with the results from Eps15 RNAi, actin-rich pedestals were diminished drastically in cells with depleted levels of epsin1 expression (Figure 3) . It was not possible to detect any epsin1-depleted cells containing an actin pedestal. Approximately 2% of the population of attached bacteria recruited epsin1 in RNAi epsin1-treated cells. Although 66% of attached bacteria recruited actin in control (nontargeting siRNA) treated samples, no actin recruitment was observed beneath the attached bacteria (Figure 3 ). According to Student's unpaired t test, the difference between the mean percentage of bacteria with Eps15 or epsin1 recruitment in control RNAi and Eps15-or epsin1-treated RNAi was statistically significant. Together, these results suggest the presence of Eps15 or epsin1 at sites of bacterial attachment is a prerequisite for subsequent actin accumulation to create EPEC pedestals.
In addition to clathrin, we recently identified another actinassociated endocytic component called the CD2-associated protein (CD2AP) at EPEC pedestals [34] . This observation, together with our discovery that Eps15 and epsin1 recruitment are confined specifically to the pedestal tips, led us to examine whether Eps15 and epsin1 colocalized with clathrin and CD2AP at this specific site [4, 34] . Using immunolocalization, we confirmed that both Eps15 and epsin1 were recruited to the apical tip of the pedestals as was clathrin and CD2AP ( Figure 4 ). This organization further strengthens the idea that these components are probably recruited before actin assembly.
Eps15 and epsin1 are primarily found in a multimeric complex at CCPs because they are known to interact with each other. Because these proteins were both identified at the EPEC pedestal tip, we sought to determine whether the alteration of either of these proteins could influence the recruitment of the other during EPEC infections. To accomplish this, we separately knocked down Eps15 and epsin1 using RNAi and subsequently immunostained the cells with Eps15 and epsin1 antibodies. Both proteins failed to localize to the site of EPEC attachment in the absence of the other protein ( Figure 5 ). However, depletion of Eps15 or epsin1 did not influence the protein expression of the other protein ( Figure 5 ). This also confirms that blockage of actin accumulation during Eps15 RNAi is not an indirect effect of epsin1 depletion and vice versa. Thus, our results demonstrate that although the expression of Eps15 and epsin1 are independent of each other, these proteins are dependent on one another for proper targeting to EPEC pedestals. Taken together, this suggests that Eps15 and epsin1 are probably recruited concurrently to the pedestals after Tir phosphorylation at Y474. A, HeLa cells grown on coverslips were transiently transfected with a series of enhanced green fluorescent protein (eGFP)-truncated constructs and stained with Alexa 596 phalloidin for filamentous actin. Eps15 deleted mutant proteins expressed in these cells appear to colocalize with the actin-rich pedestals (arrowheads). A represents AP-2 binding domain; C, C-terminal, which contains a nuclear export signal; CC, coiled-coil domain involved in Eps15 dimerization; DAPI, 4',6-diamidino-2-phenylindole; EH, Eps15 homology domains (domains responsible for epsin recognition); P, proline-rich motifs; UIM, ubiquitin interacting motif. Light-gray area represents deletion. B, eGFP-epsin UIM alone is sufficient for recruitment to the actin-rich EPEC pedestals. Arrowheads indicate locations of some attached bacteria; scale bar, 10 lm.
Our observation that endogenous Eps15 is recruited to EPEC pedestals and is required for their formation led us to assess the minimal domain needed for EPEC pedestal formation. To address this, a variety of enhanced GFP (eGFP)-tagged Eps15 fusion constructs were transfected into HeLa cells. This was followed by a 6-hour infection with WT EPEC. We visualized the eGFP-Eps15 truncated constructs, which contained various deletions in different regions. We first examined the Eps15 mutants containing only the EH domains (DI) or the coiled-coil (CC) domain (DII). We found that these eGFP-tagged proteins recruited to EPEC pedestals ( Figure S1 ; available online). This localization pattern was indistinguishable from the immunolocalized, native Eps15. Because the EH domain has the ability to interact with endogenous epsin1, and the CC is involved in Eps15 dimerization, both DI and DII constructs could potentially bind to the endogenous epsin1 and Eps15 proteins that are recruited to the EPEC pedestals. This idea is supported through localization of the mutant constructs EDCC, EDIIPC, EAPC, EAP-2, and EH29 ( Figure 6 ; see also Figure S1 ; available online), all of which could also interact with endogenous epsin1 or Eps15 owing to the presence of the EH or CC domain, therefore being targeted to the pedestal.
To confirm the possible interaction with endogenous epsin1 or Eps15 and determine whether EH and CC domains are crucial for relocalization, we explored additional mutant constructs lacking both EH and CC domains, which would disable its ability to interact with endogenous epsin1 or Eps15 proteins. HeLa cells were transfected with DIII, containing only the AP-2-binding (A) proline-rich (P) and C-terminal (C) domains. Additionally, D3D2, derived from DIII but lacking the AP-2 binding domain was used. Their localization at EPEC pedestals suggests that both EH and CC domains are dispensable for Eps15 recruitment to pedestals ( Figure 6 ). Because of the lack of EH and CC domains, it is unlikely that these fusion proteins became recruited to EPEC pedestals along with endogenous epsin1 or Eps15 proteins through direct binding. Therefore, these results suggest that the proline-rich (P) domain and UIM region are sufficient for proper Eps15 targeting to EPEC pedestals.
Because the UIM in Eps15 was shown to be sufficient for pedestal localization, we tested whether the UIM region in epsin1 alone is also sufficient. We transiently expressed a truncated form of epsin1 containing only the UIM domain conjugated to eGFP into HeLa cells. Similarly to the eGFP-D3D2 Eps15 construct, the eGFP-epsin1 UIM was sufficient for recruitment to EPEC pedestals ( Figure 6 ). The localization pattern was comparable to the full-length epsin1 construct and consistent with the endogenous epsin1 localization found in our earlier observations (Figure 1) .
In summary, we have discovered additional endocytic proteins that are crucial for EPEC-based disease. It was initially surprising to find that Eps15, a protein without a clathrinbinding domain, colocalized with clathrin within these structures, in the absence of its linker protein AP-2. However, further analysis showed that Eps15 is probably recruited to the EPEC pedestals together with epsin1 as a binding partner, thereby providing a potential link to clathrin in the absence of AP-2. Despite this, the avoidance of AP-2 recruitment to sites of EPEC attachment remains a likely strategy employed by EPEC to remain extracellular.
Through our work examining Eps15 and epsin we have demonstrated that they are crucial for EPEC pedestal formation and have identified the UIM domains of these 2 proteins as the minimal components needed for their recruitment. Because these UIMs have been shown to interact with ubiquitinated cargo and then trigger internalization via CME in several systems [41] [42] [43] [44] [45] , these findings have opened the door to examining the role of ubiquitination during EPEC infections.
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